Recent progress in the research and development of industrially and medically relevant oxidoreductases is reviewed. Currently, the industrial-technical, food, and environmental applications are the only markets with a significant oxidoreductase commercialization, although it remains miniscule in comparison to that of hydrolytic industrial enzymes. Further improving the cost-competitiveness of existing oxidoreductase products, and enhancing the innovation effort in applying oxidoreductases to new fields are vital for the future growth of industrial oxidoreductase biocatalysts.
I. INTRODUCTION
s nature's own catalysts, enzymes possess very diverse specificity, reactivity, and other physicochemical, catalytic, and biological properties highly desirable for various industrial and medical applications. The use of enzymes, either alone or as part of live cells, can be traced back to the dawn of civilization. Now, enzymes are being rigorously and systematically developed, as economically viable and environment-friendly industrial biocatalysts, along with the fast advancement and expansion of modern biotechnology [1] [2] [3] [4] [5] [6] [7] [8] .
Current industrial enzyme sales are around US$2 billion per year, with >500 products for >50 major applications 5, 6 . Although being a very small part of the whole specialty chemicals market, the industrial enzyme field is projected to grow fast, at a rate close to doubledigits annually for the near future. Based on application, ~65% of the commercial enzymes are technical enzymes (for applications such as detergent, textile, and starch), ~25% are food enzymes, and 10% are feed enzymes.
Based on mechanism, the majority of the commercial enzymes are hydrolases (including proteases, carbohydrases, and esterases), while oxidoreductases account for a miniscule share [5] [6] [7] [8] [9] . This is in contrast to the high occurrence of oxidoreductases in nature. The gap between a vast natural oxidoreductase repertoire and very limited commercial oxidoreductase products creates the space and potential for developing more oxidoreductase-based biocatalysts. The R&D effort on the field since 2000 will be sketched in this review, with emphasis on established or emerging applications having significant economical viability or potential.
III. APPLICATIONS OF OXIDOREDUCTASES
A few oxidoreductases are at present in market for textile, food, and other industries, and more candidates are being actively developed for future commercialization. The application of oxidoreductase may be divided into industrial-technical, specialty chemical synthesis, environmental, food, medicinal, and personal care fields. Being specific, energy-saving, and biodegradable, oxidoreductase-based biocatalysts fit well with the development of highly efficient, sustainable, and environment-friendly industries.
III.1. Industrial-technical applications
In this field, oxidoreductases can be applied as advantageous biocatalysts to replace hazardous/expensive chemicals, save on energy/resources consumption, create novel functionalities, or reduce detrimental impacts on the environment.
III.1.1. Lignocellulosics transformation
Conventional pulp delignification relies on either chlorine-or oxygen-based chemical oxidants. Although very effective, these agents can cause serious problems in by-products disposal or cellulose fiber-strength loss. Enzymatic delignification systems are attractive alternatives 87 .
Laccase, peroxidase, and other oxidoreductases participate in the natural delignification by lignolytic white-rot fungi. Various laccases have been shown capable of degrading both natural and synthetic lignin [88] [89] [90] [91] [92] . They oxidize either directly the phenolic components of lignin or, in the presence of a proper redox mediator, indirectly, the heterogeneous phenolic and nonphenolic (especially methoxybenzene) components. As a result, radicals could be generated in lignin, which can lead to aliphatic or aromatic C-C bond cleavage and depolymerization.
Lignin peroxidase is also a powerful delignifying agent. Its highvalent ferryl-oxo species can abstract electrons or protons from the nonphenolic component of lignin, thus generating radicals that can disintegrate the heterogeneous polymer. Like lignin peroxidase, Mn peroxidase is also employed by white-rot fungi to degrade lignin. Mn peroxidase is of particular interest, because its oxidative agent, Mn(III), can be stabilized by small chelators (e.g., oxalate) and diffuse onto the sites in lignin normally inaccessible to an enzyme [93] [94] [95] .
Currently, there are a few major hurdles in commercializing an enzymatic delignification system. For laccase, the need of a relatively high dosage (~0.1 to 1%) of a redox mediator not only significantly increases the overall cost, but also leads to a waste-disposal problem. For lignin peroxidase and Mn peroxidase, economically viable, large-scale production is yet to be realized.
Polymerized lignocellulosics are useful for the production of composites such as particle board and liner board. However, most chemical adhesives used in the conventional polymerization, such as urea, formaldehyde, isocyanate, and petrochemical resins, are hazardous. Based on its lignin-oxidation property, laccase could be used to replace these chemicals and serve as a bioadhesive 18 . To initiate or enhance the cross-linking efficiency, laccase could be used in three ways: to directly oxidize wood particles/pulp to generate radicals for cross-linking, to functionalize wood particles or pulp with small compounds (such as aromatic, carboxyl, isocyanate, or acrylamide substances) which act as cross-linking agents, and to transform isolated lignin (often a by-product from pulping), starch, phenolic polysaccharide, or protein into radical-rich and nontoxic adhesives. Such applications of laccase could not only replace toxic or expensive chemical adhesives, but also transform wastes such as lignin from paper industry into value-added product.
To commercialize such enzymatic bioadhesives for particle-/linerboard manufacturing, further optimization is needed so that they can be competitive against the inexpensive chemical counterparts.
III.1.2. Carbohydrates derivatization
Carbohydrates can serve as bio-based, renewable, and inexpensive raw materials, precursors, building blocks, or additives for many industry products. Historically, useful organic acids, such as lactate, have been produced from sugars by whole-cell fermentation 96 . Cell-free oxidoreductases may also be used for the organic acid production.
Commodity sugars, such as glucose and sucrose, can be modified to produce value-added sugars or other substances. In one example, D-glucose is converted to 2-keto-D-glucose by glucose 2-oxidase, and the keto glucose is then converted to D-fructose by chemical hydrogenation. In another example, the cheese-making by-product lactose is converted by a carbohydrate oxidase to lactobionic acid, a valuable food additive, acidulant, chelator, drug formulant, and polymer precursor 97 . Glucose and other carbohydrates are rich in (pro)chiral sites, which can be functionalized by specific carbohydrate oxidoreductases. The derivatized carbohydrates may become useful synthons for valuable industrial or pharmaceutical products.
Oligo and polymeric carbohydrates may also be oxidatively modified to gain new properties. In one example, galactomannan is treated with galactose oxidase, which converts the C 6 -OH into highly reactive aldehyde, making the polymer amenable for various functionalizations, including use as a paper additive 98 .
Adding reactive groups onto sugars, via oxidoreductase catalysis, can lead to the synthesis of new materials, such as glycolipid surfactants 99 .
Because of the fragmentation of the carbohydrate-derived specialty chemical field, the use of carbohydrate-specific oxidoreductases would be relatively low-volume and of high specialty.
III.1.3. Textile applications
Potential oxidoreductase applications for the textile industry include cotton fiber whitening, dye finishing, and waste treatment.
A recent report describes an enzymatic cotton fiber-whitening method 100 . A significant effect of applying laccase, in combination with peroxide, to bleach cotton is observed. Potential benefits of the application include chemical, energy, and water saving.
Laccase-catalyzed textile dye-bleaching is useful in finishing dyed cotton fabric 18 . Replacing conventional chemical oxidants (e.g., hypochlorite), a laccase-based system has been commercialized ( Table 2) , which is used to bleach the indigo dye in denim to achieve desirable bleached appearance on the fabric.
Laccase can be used to convert dye precursors in situ for better, more efficient fabric dyeing 101 . In the application, fibers are soaked with dye precursors first. Addition of laccase then promotes their conversion on the fiber, leading to stronger binding, more even dye-ing, and less usage of dye/fixation chemicals.
Catalase has been used to degrade the remaining peroxide after the bleaching treatment of fabric. Examples of commercial products are listed in Table 2 .
III.1.4. Detergent applications
Oxidoreductases have potential for potential cleansing applications, such as cloth-and dishwashing 5, 56, 102 . The majority of the stains in cloth, as well as all the cleansing targets on dish, are of biological origin. Laccase, peroxidase, and other enzymes are being studied for bleaching stains that are tough to be removed under normal washing conditions. An enzymatic bleaching could be better than the conventional chemical bleaching because the former may selectively target the stains over the fabric dye.
There is another detergent application for oxidoreductases. A heme peroxidase has been developed ( Table 2 ) to inhibit so-called "dye-transfer," so that cloths of different color may be mixed for washing.
Oxidoreductase may be included in a cleansing formulation to eliminate the odor on fabrics, including cloth, sofa surface, and curtain, or in a detergent to eliminate the odor generated during cloth washing 122 .
III.1.5. Other technical applications
Other miscellaneous technical applications exist for oxidoreductase 18 . One example is laccase-based oxidative transformation and subsequent coupling of dye precursors to the collagen matrix in hides. Under laccase catalysis, soluble dye precursors could be adsorbed, oxidized, and polymerized to give a desired tanning effect. The process could enhance dyeing efficiency, reduce cost (by using inexpensive precursors), or provide improved hide characteristics.
Another example is the use of catalase to clean up the residual H 2 O 2 during semiconductor/circuit chip manufacturing 103 .
III.2. Food applications
Many oxidoreductase substrates, such as carbohydrates, unsaturated fatty acids, phenolics, and thiol-containing proteins, are important components of various foods and beverages. Their modification by oxidoreductase may lead to new functionality, quality improvement, or cost reduction 5, 104 . Sometimes O 2 is detrimental to the quality or storage of food/beverage because of unwanted oxidation. Oxidases may be used as O 2 -scavengers for better food packaging 105 .
III.2.1. Food improvement
Glucose oxidase has been commercialized ( Table 2 ) for breadmaking applications. Adding the enzyme to dough can lead to various physicochemical changes including cross-linking of wheat albumin, globulin, and to lesser extent, glutenin [106] [107] [108] . Consequently the dough shows better viscoelastic/rheological characteristics, and the baked bread has improved crumb, larger volume, or other properties. The effect is likely caused by the H 2 O 2 produced by the enzyme. However, the performance of the enzyme is not superior to that of chemical oxidative additives such as bromate and azodicarbonamide. Thus there is an interest to develop other carbohydrate oxidases for this application.
Lipoxygenase is a promising candidate for baking applications 56, 109 . Modifying the endogenous lipids/unsaturated fatty acids (and their emulsification property) and generating oxidative peroxide, the enzyme may provide dough-strengthening and breadwhitening effects. However, adding the enzyme to certain foods may cause off-flavor or loss of endogenous antioxidants. The application of oxidases is also being extended to other wheat products, such as noodle, pasta, and cake 110 . Similar to the case of bread, these enzymes modify flour components either directly or indirectly through produced active oxygen species.
Laccase may be applied to certain processings that enhance or modify the color appearance of food or beverage. One interesting case involves the ripe-olive processing in which laccase replaces conventional lye solution and oxidatively polymerizes various phenolics (such as oleuropein) in olive, resulting in color darkening and debittering.
Some oxidoreductases, such as glucose oxidase and catalase, have been shown able to improve the freshness preservation of shrimp and fish 111 . It is suggested that the active oxygen species generated by the enzymes can act as bactericides.
Disulfide-reducing enzymes may be useful in recovering proteins from low-value sources (such as fishery by-products) for reconstructed meat products 112 .
III.2.2. Wine, juice, and brewery applications
Browning, haze formation, and turbidity development during the processing or storage of clear fruit juice, beer, and wine can be major problems for the industry. It is believed that phenolic compounds are involved in this process. Conventionally, undesirable phenolics are adsorbed and removed by various fining agents (e.g., gelatin, bentonite) that usually have low specificity, may affect color or aroma, and can pose disposal problems. Laccase and other oxidases may be used to remove or modify problematic phenolic saccharides and improve the clarity, color appearance, flavor, aroma, taste, or stability in fruit juice or fermented alcohol beverages 104, 113, 114 . Following treatment by laccase, oxidized and polymerized (or precipitated) unwanted phenolic substances could be removed by silicate fining or filtration.
A laccase has recently been commercialized ( Table 2 ) for preparing cork stoppers for wine bottles 115 . The enzyme oxidatively reduces the characteristic cork taint/astringency which is frequently imparted to the bottled wine.
III.2.3. Dairy application
One recent example of applying oxidoreductase to dairy is the use of a carbohydrate oxidase to convert lactose during cheese-making 97 . Lactose, found in the whey fraction, is currently discarded as a cheese-making by-product. Lactobionic acid, the product of the enzymatic oxidation, is a valuable chemical widely used as a food additive, acidulant, chelator, drug formulant, and polymer precursor. Converting the lactose in situ to lactobionic acid may have many benefits in terms of added value and improved quality.
III.3. Environment protection
Oxidoreductases have high potential in environment-protection applications, along with hydrolases, lyases, and transferases 18, 19, 55, 116 . Many microbes can use polycyclic aromatic hydrocarbons, chlorinated compounds, and other pollutants as their carbon, nitro-gen, or energy source. A significant part of their metabolism is carried out by oxidoreductases. The degradation reactions catalyzed by these enzymes include electron transfer, H extraction, and O insertion, which can induce ring opening, depolymerization, mineralization, and other transformations.
III.3.1. Biodegradation
Oxidoreductases may be applied to degrade various substances such as undesirable contaminants, by-products, or discarded materials. Some of these applications have been described above.
Recently, laccase has been shown capable of oxidizing and degrading lipids such as trilinolein and methyl linoleate 117, 118 . These unsaturated fatty compounds are not typical laccase substrates. The products include hydroperoxides and epoxides. It seems that laccase promotes the initial pentadienyl and subsequent peroxy radical formation. The reaction is of interest because of the occurrence of the fatty compounds in wood and food, which may get involved in laccasecatalyzed delignification and food modification, respectively.
A heme peroxidase has been developed ( Table 2) for transforming discarded dyes from the effluent of dyehouse before its discharge into the environment. The oxidation of the dyes by peroxidase, or laccase, may lead to bleaching, degradation, or polymerization to facilitate downstream treatments (e.g., physical adsorption). These enzymes may also be used to treat effluents from pulp/cotton mills, food/fruit processing plants, or breweries 119 .
Laccase may be applied to degrade plastic waste having olefin units 120 . Likely, an oxidation of the olefin units by the enzyme, preferably in the presence of small redox mediators, could initiate a radical chain reaction, leading to the disintegration of the plastic.
Laccase, peroxidase, and oxygenase are being studied as biocatalysts for degrading hazardous coal substances, particularly the sulfur-containing components. The study is of interest in terms of reducing the pollution around coal mines and emission of acid raincausing agents from power plants.
Oxidoreductase may also be used to eliminate odor emitted from places such as garbage disposal sites, livestock farms, or pulp 
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III.3.2. Biodetoxification and biodecontamination
Many pesticides, xenobiotics, coal substances, and industrial products derived from polycyclic, aromatic, halogenated hydrocarbons and other organic compounds are hazardous environment pollutants. Using oxidoreductases to detoxify and remove them is attracting active research efforts.
Laccase and peroxidase have been used to transform (often in the presence of redox mediators) various xenobiotics, polycyclic aromatic hydrocarbons, and other pollutants found in industrial waste and contaminated soil or water 104, [121] [122] [123] [124] [125] [126] [127] [128] [129] . In general, the redox potential of these compounds is too high for laccase to directly oxidize them via electron transfer. The use of redox mediator allows other reactions, such as H extraction, to take place. The laccase catalysis could result in either direct degradation or polymerization/immobilization. Reported examples of direct degradation by laccase include dechlorination of chlorophenols, cleavage of aromatic rings, and mineralization of polycyclic aromatic hydrocarbons. The processes include polymerization among pollutants themselves or copolymerization with other nontoxic substances (such as humic materials). Polymerized pollutants often become insoluble or immobilized, thus facilitating easy removal by means such as adsorption, sedimentation, or filtration.
One of the major biodetoxification targets is chlorinated compounds, such as tetrachloroethene and polychlorinated biphenyl, which contaminate underground water. Oxidoreductases, particularly mono and dioxygenases, are powerful dehalogenating agents [130] [131] [132] . Enzymes such as ethene monooxygenase and biphenyl dioxygenase are promising candidates for large-scale industrial application in the field. Recent advances in the sequencing of the genomes of environmentally relevant microbes and the direct DNA sequencing of soil microbes are exposing new metabolic enzymes/pathways potentially beneficial for bioremediation 1 . Protein engineering is also creating new enzymes/functions for biodetoxification. For instance, a dioxygenase that oxidizes arene to vicinal arene diols has been engineered to extend its reactivity from toluene, naphthalene, and biphenyl to polychlorinated biphenyls, trichloroethylene, and dioxin.
III.4. Biosensors and bioreportors
Many oxidoreductases have co-substrates that are either chromogenic, fluorogenic, chemiluminescent, or electroactive. They may produce products that are reactants/substrates for coupled chemical or enzymatic reactions suitable for optic, electric, or other physical measurements. Thus many oxidoreductases can be applied as biosensors or bioreporters.
III.4.1. Portable and online biosensors
Examples of the oxidase applied in the field include laccase, horseradish peroxidase, and glucose oxidase.
Laccase catalysis, coupled with various physical transducers, could be useful as biosensors for detecting O 2 and a wide variety of reducing substrates, especially phenols or anilines 18 . One type of biosensor can monitor electric current or voltage changes from a modified oxygen electrode on which O 2 reduction is enhanced under the electrocatalysis of immobilized laccase. For detecting phenols or anilines, three types of biosensors can be made: one may detect the photometric change resulting from the oxidation of a chromogenic substrate, one may monitor the O 2 concentration change which is coupled to the substrate oxidation, and one may use an electrode to accept the electrons surrendered by the substrate. For these applications, laccase is preferably immobilized onto the biosensor surface, and the coupled signal transducer is either of optic, amperometric, and piezoeffect nature, or a field-effect transistor or thermister.
A horseradish peroxidase, glucose oxidase, or other oxidoreductase-based biosensor may be constructed similarly [133] [134] [135] [136] [137] [138] [139] [140] . The targeted substances may be biogenic, such as blood sugar and cholesterol; environment-related, such as phenol and peroxide; or foodrelated, such as ascorbate. Stereo-selective oxidoreductases, such as anomer-specific carbohydrate oxidase, may be used for sensing chiral compounds.
The biosensors described above contain one enzyme responsible for both target sensing and initial signal transduction. Other biosensors may be constructed by multiple enzymes, with separated primary sensing and secondary signal-relay/transduction tasks. These biosensors are of interest for quality control, environment monitoring, health care, and other fields.
III.4.2. Reporters
Oxidoreductase catalysis can be used to assay other enzymes. In these assays, either the enzyme of interest catalyzes the production of a compound whose subsequent transformation by an oxidoreductase generates detectable physical change, or a product from the oxidoreductase catalysis (whose production is accompanied by a detectable physical change) is quenched by the activity of the enzyme of interest. The strategy has been applied to use laccase to assay various enzymes including amylase, alanine-, cysteine-, or leucine-specific aminopeptidases, alkaline phosphatase, angiotensin I converting enzyme, arylamidase, cellobiose oxidase, chymotrypsin, glucosidase, γ-glutamyl transpeptidase, kallikrein, plasmin, thrombin, and coagulant X factor 18 .
Oxidoreductase covalently conjugated to a bio-binding molecule can be used as a reporter for immunochemical (ELISA, Western blotting), histochemical, cytochemical, or nucleic acid-detection assays 18, 42 . The bio-binding molecules include antibody, antigen, DNA, RNA, biotin, or streptavidin. An example is a linked laccaseantibody. In this application, binding of the antibody to its antigen target is detected by localized laccase activity on a gel or a blot membrane, much like the conventional peroxidase-or phosphataseassisted immunochemical assays. Under certain conditions, the antibody-antigen binding impairs the function of conjugated laccase, thus allowing immunochemical detection through modulation of laccase activity. For DNA detection, an oxidoreductase, such as horseradish peroxidase, can be linked to a DNA probe for direct hybridization, or to biotin for binding to a streptavidin-linked DNA probe for indirect hybridization.
The bioreporter applications are of interest for the high-sensitivity diagnostic field.
III.5. Organic syntheses
Oxidoreductase-based biocatalysts have high potential for efficient, asymmetric synthesis applications 55, [141] [142] [143] [144] [145] [146] [147] [148] . This is mainly because of their broad versatility, high specificity, high stereo-selectivity, low demand for stringent/extreme conditions, and environment-friendliness. Oxidoreductases can transform a wide range of aliphatic/aromatic molecules; functionalize inert hydrocarbons (by hydroxylation, sulfoxidation, epoxidation, etc.); carry out regio-, enantio-(on racemic substrates); enantiotopo-(on prochiral substrates); and chemo-selective reactions; build useful synthons from inexpensive and renewable biomaterials; save on energy and other resources; and relieve negative environment impact. Although few oxidoreductases have been commercialized in the field for now, significant growth in using oxidoreductase-based biocatalysis is projected for the coming decades.
III.5.1. Asymmetric/chiral synthesis
NAD(P)H-dependent dehydrogenases are very useful for asymmetric synthesis 149 . Catalyzing reversed dehydrogenation reactions, the enzymes can transform prochiral aldehydes/ketones to chiral alcohol, hydroxyl acids, amino acids, etc., with high regio-or enantio-selectivity (with enantio excess >90 to 95%).
Alcohol dehydrogenases can catalyze the synthesis of chiral alcohols from aldehydes/ketones, although the yield of hydrophobic alcohols is relatively low.
Hydroxy acid dehydrogenases can catalyze the synthesis of chiral hydroxyl acids from aliphatic, linear/branched, or aromatic 2-oxo acids, which are valuable synthons.
Amino acid dehydrogenases can catalyze the reductive amidation of 2-keto acids to either L-or D-amino acids, useful for making unnatural/rare amino acids with selected aliphatic, aromatic, linear, or branched side chains. Such synthesis is almost unattainable by conventional fermentive amino acid-production methods.
In general, dehydrogenase-catalyzed chiral synthesis has higher yield than that of hydrolase, but is more difficult or expensive due to its NAD(P)-dependency.
Oxygenases/hydroxylases are also good biocatalysts for asymmetric synthesis. They can functionalize inert molecules, such as hydrocarbons, by introducing active O atoms.
Flavin-containing monoxygenases/hydroxylases, such as phydroxybenzoate 3-hydroxylase, can carry out highly regio-and stereo-selective arene hydroxylation 150 . Baeyer-Villiger monooxygenase is of particular interest, because of its ability to catalyze the nucleophilic oxygenation of ketone (the Baeyer-Villiger reaction) 63, 142 . It can also catalyze the nucleophilic oxygenation of boron, as well as the electrophilic oxygenation of sulfur, selenium, nitrogen, or phosphorus, all with high enantio-or enantiotopo-selectivity. The enzymatic way is more advantageous than the traditional chemical ways (using oxidants such as m-chloroperbenzoic acid or trifluoroperacetic acid), because the latter are hazardous and poorly enantioselective.
Iron-containing dioxygenases can transform arenes into vicinal, cis arene diols, a task not attainable by conventional chemical synthesis. More than 300 vicinal arene diols are identified from microbial oxidation of aromatic hydrocarbons, which provides a useful pool for selecting desirable synthons for various industrial and medicinal substances, such as postaglandins and other hypertensive agents 150 .
Having high regio-and stereo-selectivity towards its unsaturated fatty acid substrates, lipoxygenase can be used to synthesize many natural products and valuable build blocks 151 . Nonaqueous media, immobilization, and protein engineering have been applied to optimize its biocatalysis for asymmetric synthesis.
Chloroperoxidase and cytochrome P450 can be applied for asymmetric olefin epoxidation, allylic hydroxylation, and sulfoxidation, due to their high-valent ferryl-oxo species 152 . One major hurdle of commercializing chloroperoxidase is its instability in the presence of a medium to high level H 2 O 2 , the oxidizing substrate. This may be solved by in situ H 2 O 2 generation with either a secondary enzyme (e.g., glucose oxidase) or an electrode. As for cytochrome P450, large-scale production of the enzyme remains a challenge 43 .
III.5.2. Nanomaterial and polymer synthesis
Oxidoreductases capable of generating radicals are potential biocatalysts for polymer synthesis 42, 153, 154 . Phenol oxidases (such as tyrosinase) are used to make polyphenolic polymers from monomeric phenols (such as catechol). Carbohydrate oxidases (e.g., galactose oxidase) are used to modify oligo-/polymeric carbohydrates to promote cross-linking.
Amino acid-based polymers are desirable due to their biocompatibility and biodegradability. Horseradish peroxidase is able to catalyze the polymerization of tyrosine. When nano-patterned on a defined surface, the enzymatic polymerization generates well-organized nanofeatures potentially useful for specialty membrane and circuitry 154 . Immobilized horseradish peroxidase can direct the synthesis of polyaniline film of controlled thickness, a property very useful for coating the surface of biosensors 153 . Such a property is unattainable by chemically synthesized polyaniline because it is insoluble and uncompressible. Horseradish peroxidase is also used to synthesize phenol/aniline polymer via oxidative dehydrogenation.
Immobilized peroxygenases may be used to catalyze the formation of fatty epoxides, important polymer precursors, plasticizers, and plastic stabilizers 155 . The enzymatic process may avoid the shortcomings of the current chemical process whose strong acidity causes significant oxirane ring opening and other undesirable side activities.
III.5.3. Medicinal and other syntheses
Laccase can be used to synthesize several complex medicinal agents including triazolo(benzo)cycloalkyl thiadiazines, vinblastine, penicillin X dimer, cephalosporin antibiotics, and dimerized vindoline 18 . Laccase can also be used to synthesize various functional organic compounds including polymers with specific mechanical/electrical/optical properties, textile dyes, cosmetic pigments, flavor agents, and pesticides 156 .
Applying oxidoreductases may lead to new industrial synthetic methods. For instance, Baeyer-Villiger monooxygenase can catalyze a useful ring-expansion reaction by transforming a cyclic ketone to a corresponding lactone 63, 142 . Macrophomate synthase can catalyze Diels-Alder reaction 157 . Sometimes, the action of an oxidoreductase on its substrate may induce a secondary reaction on other parts of the substrate, leading to a new type of biocatalysis 158 .
Applying oxidoreductases may lead to the usage of materials that are otherwise inactive or difficult chemical reactants. For instance, chloroperoxidase and cytochrome P450 can functionalize inert hydrocarbons via hydroxylation 159 . Horseradish peroxidase can carry out sulfoxidation on alkyl aryl sulfides, N-oxidation of nitrosoand hydroxylamino-compounds, or epoxidation on styrene. Enone reductase can hydrogenate unsaturated bonds to transform ketones to hydrocarbons 160 . The so-called "old yellow enzyme" from yeast, an FMN-containing enzyme, can catalyze the reduction (by NADPH) of the olefinic >C=C<, not carbonyl >C=O, the site of cyclohexenone 21 .
Applying oxidoreductases may lead to new intermediates/synthons [161] [162] [163] [164] [165] [166] [167] [168] [169] [170] [171] [172] [173] . Methane monooxygenase can transform methane to methanol, a useful synthon. Xylose reductase can produce xylitol, a natural sweetener, from glucose 174 . FAD-containing vanillyl-alcohol oxidase can transform creosol to vanillin, whose ~2,000-tons-worldwide annual consumption relies mostly on artificial synthesis 175 .
III.6. Medical and personal-care applications
Many products generated by oxidoreductases are antimicrobial, detoxifying, or active personal-care agents. Due to their specificity and bio-based nature, potential applications of oxidoreductases in the field are attracting active research efforts.
III.6.1. Disinfection
One potential application is laccase-based in situ generation of iodine, a reagent widely used as disinfectant 18 . A laccase-iodide salt binary iodine-generating system (for sterilization) may have several advantages over the direct iodine application. First, the iodide salt is more stable and much safer than I 2 in terms of storage, transport, and handling. Second, the release of iodine from a laccase-iodide system can be easily controlled (by means such as adjusting laccase concentration). The system may be used in various industrial, medical, domestic, and personal-care applications such as sterilization of drinking water and swimming pools, as well as disinfection of minor wounds. Peroxidases may replace laccase for the application, although they would need H 2 O 2 as cosubstrate.
The ClO-and Mn(III) species produced by haloperoxidase and Mn peroxidase are highly potent oxidants and antimicrobial agents 176 . Coupled with an oxidase as an in situ H 2 O 2 provider, a peroxidase system may be applied to various processes where a disinfection is involved.
III.6.2. Skin care
Poison ivy dermatitis is caused mainly by urushiol, a catecholderived toxin. Oxidized urushiol (an o-quinone derivative), however, is nontoxic. Laccase has been shown to oxidize, polymerize, and detoxify urushiol, thus reducing the effect of poison ivy dermatitis.
Lysyl oxidase, whose physiological activities include extracellular matrix formation, can be applied to accelerate wound-healing 177, 178 . Peroxidase may also be used to cross-link collagen, beneficial to the recovery of damaged skin 179 . An NO-generating enzyme, such as nitrite reductase or NO synthase, may too find a topical use for skin tissue regeneration 180 .
Glucose oxidase may be applied as an in situ H 2 O 2 generator in a skin-care lotion/foam, useful for skin whitening and disinfecting, and catalase and peroxidase may be applied as an oxygenator for skin rejuvenation 181, 182 .
III.6.3. Hair care
Current hair-dyeing or waving processes often involve oxidative or additive chemicals that are either malodorous, irritants, or difficult to handle. A laccase-based system may overcome these drawbacks by replacing harsh chemicals and operating at milder conditions (in terms of pH and solvent) 18, 183 . Laccase-catalyzed oxidation, transformation, and cross-linking of various precursors (mostly phenols and anilines) have been reported to result in satisfactory hair dyeing or waving. In addition to providing an easier-to-handle hair-care procedure, a laccase-based system may also improve or complement the cosmetic effect achieved by conventional chemical methods.
III.6.4. Other health/hygiene applications
A glucose oxidase, lactoperoxidase, and iodide system has been tested for dental care. The oxidase produces H 2 O 2 (from glucose oxidation) to feed the peroxidase, so that it can generate iodine that can kill plaque-causing bacteria 184 .
Oxidoreductases may find use as deodorants for personal-hygiene products, including toothpaste, mouthwash, chewing gum, detergent, soap, and diapers 122, 185, 186 . For instance, laccase can oxidize many thiol, sulfide, ammonia, and amine compounds that cause the malodor in halitosis, bromhidrosis, and hyperhidrosis. Rather than simply masking the malodor with fragrances as conventional deodorants do, an enzymatic system can degrade the offensive molecules, or even kill the microbes that generate them.
There are many other applications in the field for oxidoreductases. For instance, haloperoxidase may be used to oxidatively modify rubber latex surfaces, making them less allergenic 187 . Catalase may be applied as part of contact lens cleansing solution.
A secreted oxidoreductase may even be developed as a vaccine against secretor microbes. For instance, Aspergillus oryzae catalase A protein has been studied as a potential aspergillosis vaccine.
IV. PROSPECTS
If one considers the pharmaceutical applications (also known as "red biotech") and agricultural applications (so-called "green biotech") as the first and second waves of biotechnology, respectively, then the emerging industrial application (or "white biotech") is making the third wave [1] [2] [3] [4] [5] [6] [7] [8] [9] .
Currently, among the ~500 enzymes products marketed for ~50 applications, only a few oxidoreductases have been commercialized for industrial application. However, many more candidates are being actively studied, and as a whole, oxidoreductases will join other enzymes to find more biocatalytic applications in a broad range of fields in the coming years.
Multidisciplinary efforts are being made to discover better oxidoreductase biocatalysts. New genes are being found from nature's repertoire, by means of classic screening, direct cloning ("metagenomic"), or in silico mining 1, 49, 68, [189] [190] [191] [192] [193] . New genes are also being constructed by rational design or directed evolution, a rapidly devel-oping, powerful way of engineering proteins and enzymes [194] [195] [196] [197] [198] [199] [200] [201] [202] [203] . Selected oxidoreductases are preferably produced in fermentative microbial hosts 5, 18, 204, 205 , although transgenic plants and animals (through their milk or eggs) are emerging as promising alternative hosts 206,207 . As industrial catalysts, enzymes (including oxidoreductases) may have many advantages over chemical-or living cell-based catalysts 9, 18, 116, 141 . Again, as catalysts for synthesis, oxidoreductases may be preferred over other enzymes (e.g., hydrolases, lyases, or transferases). Oxidoreductases may have higher stereoselectivity, be able to act on substances (such as hydrocarbons) that are often inert to other enzymes, and use bio-based/renewable starting materials. However, many oxidoreductases suffer from lower specific activity and the need for cofactors.
The established technical and food application fields, as well as the emerging synthesis and biodegradation fields, should continue to grow for oxidoreductases. Today the growth is mainly fueled by performance improvement and cost reduction 1, 2, [5] [6] [7] [8] [9] 41, 42, 55, 69, 116, 147, 148, 167, 208, 209 . In the future, however, it might be driven by new, unique functionalities of oxidoreductase biocatalysis that could lead to high-value bio-based materials (polymers, plastics, adhesives, or pigments), bio-enhanced energy sources (bio-fuel cell), or protein pharmaceuticals.
IV.1. Potential new applications
There are many new and classic ideas, as well as laboratory-scale trials, of applying oxidoreductases as biocatalysts.
IV.1.1. Biofuel cells
Fuel cells are very attractive energy sources, particularly at micro-, mini-, portable-, or mobile-scale, that potentially have higher energy conversion/usage efficiency and lower pollution effect than any of the existing/emerging energy sources 209, 210 . For instance, fuel cells may be more desirable than batteries because they can refuel almost instantly and have fewer disposability problems. Fuel cells may tap on the chemical energy in renewable resources or even waste/pollutants, converting it into electricity with high efficiency.
A fuel cell uses two electrodes (in two compartments) to reroute the electron flow in a redox reaction: an anode, to take electrons from a reducing substance (e.g., carbohydrate, alcohol, hydrocarbon, or H 2 ), and a cathode, to give the electrons (after carrying out work in the circuit) to an oxidizing substance (e.g., O 2 ). A membrane, permeable only to the solvent, H + , OH -, or other supporting electrolytes), separates the two compartments to prevent the reducing and oxidizing substrates from reacting directly with each other.
Oxidoreductase may be applied as a biocatalyst for the electrode reactions [211] [212] [213] [214] . For instance, a laccase may be adsorbed, entrapped, or wired onto the cathode to catalyze the O 2 reduction. A carbohydrate oxidase may be applied to the anode to catalyze the oxidation of a sugar, when it serves as the reducing substance. An H + -pumping oxidoreductase, such as NADH-quinone oxidoreductase or cytochrome c oxidase 33, 34, 215 , may be embedded onto the membrane to facilitate the H + movement or fuel cell's internal conductance 216 .
IV.1.2. Fossil fuels upgrading
Heteroatomic compounds, especially sulfur-containing aromatics, are detrimental for the usage of fossil fuels. They impede the refining of crude oil, downgrade the quality of coal, cause the emission of acid rain agents, and damage the catalytic converter in motor vehicles. Removal of these compounds can correct these problems and allow low-value oil to be used for making chemicals, plastics, or surfactants; however, this is very challenging. Conventional chemical and physical desulfurization methods (such as oxidizing and solubilizing inorganic pyrite sulfur by ferric salt or chlorine) have low efficiency towards organic sulfur compounds and require extreme conditions (high temperature, pressure, and corrosion-resistant equipment). Oxidoreductase-based desulfurization could be an alternative 220 . At laboratory-scale, inorganic and organic sulfur compounds in coal slurry can be oxidized by laccase, solubilized in water, and separated from solid (desulfurized) coal particles [217] [218] [219] [220] [221] .
Another potential oxidoreductase application is in the oil field 116 . To drill a well, a drill-in fluid containing polymers like cellulose, starch, or xanthan is used to deposit a low-permeable filter cake on the borehole wall to prevent leakage. The polymeric material needs to be removed after drilling, which is carried out at present by acids (e.g., HCl) or strong oxidants (e.g., Na-perborate). Because of their hazardous nature, it would be of interest to replace these chemicals with oxidoreductase and/or hydrolase.
IV.1.3. Medical and other applications
Recently, a few unconventional, thought-provoking ideas about oxidoreductase application have been reported.
Reactive O species-generating oxidoreductases, such as peroxidase, may be transported to tumor tissue by tumor-specific carriers (e.g., antibodies), and then deliver localized and concentrated reactive O species to damage or kill tumor cells. In a recent report, horseradish peroxidase is used to demonstrate the feasibility of the concept 42 .
NAD(P)-dependent dehydrogenases are known to bind RNA. Both bacterial and eukaryotic glyceraldehyde-3-phosphate dehydrogenases, and two Achaean analogues, are shown to act as RNase 222 .
A low-molecular-mass laccase purified from the mushroom Tricholoma giganteumis has been reported to possess significant HIV-1 reverse transcriptase inhibitory activity 223 . Another laccase has been shown capable of fighting aceruloplasminemia (a medical condition of lacking ceruloplasmin, a multi-Cu serum oxidase whose ferroxidase activity regulates iron homeostasis) 224 .
The yeast prion protein Ure2 is shown having glutathione peroxidase activity 225 . Could these experiments and others lead to novel medical applications for oxidoreductases?
An NADH oxidase anchored to the plasma membrane is reported responsive to gravity, and is proposed to serve as a microgravity sensor 226 .
The geological function of microorganisms, to form or decompose minerals in Earth's crust, has been applied to mining. For instance, various acidophilic bacteria are used to recover gold from ores, via a process in which microbially oxidized Fe 3+ attacks the metal sulfides in ore, generating sulfuric acid, which in turn further dissolves the ore, facilitating gold extraction by cyanide 227 . Oxidoreductases might be applied to such biomineralization.
IV.2. Potential new oxidoreductase-based biocatalysts
For future biocatalysis, "smart" oxidoreductases and novel reaction media may be applied to improve performance or economy.
IV.2.1. "Smart" oxidoreductases
Target-specific and -binding molecules may be used to guide oxidoreductases for improved specificity and reactivity. For industrial applications, llama heavy-chain antibodies are of particular interest. Because they are made from heavy-chain dimers only, their expression and production in heterologous hosts are relatively straightforward. In one report, the variable domains of the llama antibodies are raised against a major plaque-causing bacterium, cloned from the B lymphocytes of immunized llama, screened for their affinity towards the antigen, and fused with glucose oxidase 184 . The fusion protein is expressed and added to a mixture with lactoperoxidase and iodide. The antibody enhances the specificity of the oxidase towards the bacterium, leading to improved overall performance of the enzymatic system in killing the bacterium. The antibody-peroxidase fusion useful for antitumor activity is another example 42 .
Naturally occurring binding motifs, such as carbohydrate-binding motifs, as well as peptide-targeting segments, such as the peroxisome-targeting signal, may be fused with an oxidoreductase biocatalyst to enhance its searching, binding, and attacking function. For instance, a carbohydrate-binding motif may bring a detergent oxidoreductase to close vicinity of cellulose-adsorbed stains for better bleaching, and a peroxisome-targeting signal may insert a lipoxygenase to fatty particulates for better oxidation 228, 229 .
Artificial binding peptides, specific for a target substance, may be constructed by either organic synthesis (e.g., combinatorial chemistry) or genetic engineering (e.g., phage display) combined with high-throughput screening 230 . Mono-/polyclonal antibodies can be raised for a target by established techniques. Selected binding peptides and antibodies may then be fused onto an oxidoreductase to create a "smart" biocatalyst.
IV.2.2. New catalysis media
Oxidoreductases can be applied in nonaqueous solution or multiphasic systems. For water-immiscible organic solvents, an oxidoreductase may be entrapped in reverse micelles or immobilized onto a carrier 18, 20, 129, [231] [232] [233] [234] . Newer media for biocatalysis include ionic liquid and supercritical CO 2 .
Ionic liquids, especially the room-temperature ones, are emerging as the "green" and high-tech media for industry 235, 236 . They have low volatility, high thermal stability, as well as tunable polarity, hydrophilicity/phobicity, or miscibility with other liquids. Such properties make ionic liquids particularly suited for catalyst recycling and product recovery. A few oxidoreductase-based biocatalyses in ionic liquid have been reported. Further application in the field may lead to expanded biocatalysis and improved performance.
